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Abstract 
Objective: To evaluate the differences in the stress distribution on the upper first molar with 
and without transpalatal arch and a second molar when a 150 g force is applied during canine 
distalization using finite element analysis. Material and Methods: We constructed several 
models with data obtained by scanning human skulls using cone beam computed tomography. A 
robust three-dimensional maxillary model was then constructed by assembling the previously 
completed robust models of the maxilla and second molar with and without transpalatal arch, 
and canine distalization was simulated using a 150 g force. The data consisted of color spectrum 
figures representing the stress distribution. Results: For the upper first molar and its alveolar 
bone, there was a statistically significant difference in the stress distribution between the upper 
first molar with transpalatal arch, the upper first molar without transpalatal arch, and the upper 
first molar with transpalatal arch and a second molar as reinforcement. Conclusion: Stress 
distribution on the first molar and alveolar bone, indicated by the maximum and minimum 
principal stress, as well as the pressure von Mises, exhibited a similar pattern. The highest 
amount of stress was observed in the model of the first molar without transpalatal arch, followed 
by the model of the first molar with transpalatal arch and, finally, the model of the first molar 
with transpalatal arch and a second molar. 
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Introduction 
The transpalatal arch (TPA) is an orthodontic device that is used to strengthen anchorage. 
Whether the use of TPA and a second molar as reinforcement anchorage can reduce stress remains 
unclear. Reducing the stress distribution is thought to reduce the anchorage loss, and some clinicians 
believe that TPA prevents the loss of anchorage [1-3]. However, it was previously reported that 
TPA does not significantly affect anchorage [4,5]. In order to determine the amount of stress in the 
presence and absence of TPA and when TPA is combined with a second molar, it is necessary to 
understand the stress distribution in the upper first molar where the TPA is placed, as well as the 
stress on the alveolar bone around the tooth. Some authors measured the stress on the first molar 
while splinting with a TPA and reported that TPA can reduce the stress distribution on the first 
molar and prevent molar rotation [6,7]. 
Anchorage depends on periodontal stress, and TPA can modify the stress distribution 
applied to the molars and surrounding tissue. Unfortunately, it is impossible to measure human 
periodontal stress distributions in vivo; therefore, an alternative approach that uses three-
dimensional (3D) simulation and finite element analysis (FEA) was developed [6-8]. 
FEA has been used to measure the stress distribution during orthodontic treatment for over 
two decades [9,10]. This technique involves the use of computer-aided design to calculate the 
biochemical system and pressure distribution as well as study the relationship between tooth 
movement, root resorption, and bone remodeling. Using this mathematical method, a geometric 
structure is simulated on a computer along with its mechanical properties [9-11]. 
Here, we conducted a skull scan using cone beam computed tomography (CBCT) and then 
created a solid model of the teeth, TPA, root teeth, alveolar bone, bracket, and archwires according 
to the mechanical properties determined from Young’s modulus and Poisson’s ratio. A solid model 
was assembled and a 150 g canine distalization force was applied. The pressure distribution 
measurements were performed by measuring the main pressure on the x-, y-, and z-axis, 
representing the maximum principal stress (MaxPS), minimum principal stress (MinPS), and 
pressure von Mises (VonMS). 
We sought to compare the stress distribution for MinPS, MaxPS, and VonMS on the upper 
first molar and the alveolar bone with and without TPA and on the upper second molar while 
applying a 150 g canine distalization force. 
 
Material and Methods 
The FEA calculations were performed using ANSYS 15.0 (Ansys Inc., Canonsburg, PA, 
USA). Model construction began after the human skull was scanned using CBCT. The results of the 
scan were saved on a CD in a DICOM format, and a robust model was constructed using Geomagic 
software by assembling every tooth and its alveolar bone [12]. We constructed a bracket, a force 
module, an archwire, a molar band, and a TPA on the basis of real models using Autodesk Inventor 
software. A robust 3D maxillary model was then constructed by assembling the previously 
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completed robust models. For the arch form guideline, we used a 0.019″ × 0.025″ archwire, a natural 
incline, good alignment, and mirrors to construct a complete two-quadrant 3D model [9]. 
We created three robust models: a 3D maxillary model with a TPA (Figure 1), a 3D 
maxillary model with a TPA and an upper second molar (Figure 2), and a 3D maxillary model 
without a TPA (Figure 3). Automeshing was accomplished using ANSYS. 
 
 
Figure 1. 3D maxillary models. (A) Occlusal view and (B) Sagittal view. 
 
The finite element model structures included a tooth, a periodontal ligament, an alveolar 
bone, a bracket, an archwire, and steel (TPA). Each composition exhibited a different mechanical 
property previously reported in the literature. All materials were homogenous and isotropic [9]. 
The boundary condition on the 3D maxillary model was 0° of movement in all directions and 
on all peripheral nodes. All three models were subjected to a 150 g canine distalization force using 
ANSYS software. Each model was analyzed three times to determine the compressive stress 
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(MinPS), the area with the largest shear when forces are applied (tensile stress, MaxPS), and the 
material’s elasticity until permanent deformation (VonMS) [11]. 
 
Results 
Finite element outputs can be examined qualitatively and quantitatively. As shown in 
Figures 2 and 3, stress distributions were qualitatively evaluated using a series of colors, as shown in 
the color spectrum on the left side of the images, where red represents the highest amount of stress 
and blue represents the lowest amount of pressure. 
MinPS analysis on the First Molar of all three models revealed a similar color pattern, with 
the highest stress distribution at the root apex. Figure 2 shows that the addition of anchorage and 
the second molar reduced the stress distribution, as the red area appears to be smaller in this model. 
The highest MaxPS on the First Molar was in the model without TPA and was located at the 
distopalatal apex. The color pattern was similar to that for MinPS, and the stress distribution was 
smaller in the 3D model with a TPA and a second molar. The stress distribution for VonMS on the 
First Molar also exhibited a similar color pattern. The highest stress distribution was in the 3D 
model without a TPA, and the lowest was in the 3D model with a TPA and a second molar. 
 
 
Figure 2. Color patterns showing the stress distribution of MinPS, MaxPS and VonMS on the first 
molar. (A) 3D model with a TPA. (B) 3D model with a TPA and a second molar as reinforced 
anchorage. (C) 3D model without a TPA. 
 
The color patterns for MinPS, MaxPS, and VonMS around the alveolar bone of the first 
molar were similar. Color intensity differences showed a reduction in the stress distribution on the 
TPA and TPA with second molar models with reinforced anchorage (Figure 3). 
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Figure 3. Color patterns showing the stress distribution of MinPS, MaxPS and VonMS on the first 
molar alveolar bone. (A) 3D model with a TPA. (B) 3D model with a TPA and a second molar as 
reinforced anchorage. (C) 3D model without a TPA. 
 
The model with TPA and a second molar as reinforcement had the lowest MaxPS (0.0017 
MPa). The highest MaxPS was found in the model without TPA (0.00219 MPa). The model with 
TPA and a second molar had the lowest VonMS (0.00259 MPa), followed by the model with TPA 
(0.02134 MPa) and, finally, the model without TPA (0.02189 MPa) (Table 1). 
 
Table 1. Differences in the stress distribution (MinPS, MaxPS, and VonMS) for the 3D 
models of the first molar. 
3D Model 
Reinforced Anchorage 𝐩-value TPA TPA and Second Molar Without TPA 
Mean SD Mean SD Mean SD 
MinPS 0.00177 0.00062 0.02189 0.00143 0.00357 0.00158 <0.001* 
MaxPS 0.00196 0.00134 0.00170 0.00060 0.02198 0.00281 <0.001* 
VonMS 0.02134 0.00131 0.00259 0.00084 0.02189 0.00143 <0.001* 
*Statistically Significant; SD: Standard Deviation. 
 
The highest stress distributions (MinPS, MaxPS, and VonMS) on the alveolar bone were 
found in the model without TPA (Table 2). 
 
Table 2. Differences in the stress distribution (MinPS, Max PS, and VonMS) for the 3D models of the 
alveolar bone. 
Alveolar 
Bone 
Reinforced Anchorage 𝐩-value TPA TPA and Second Molar Without TPA 
Mean SD Mean SD Mean SD 
MinPS 0.00044 0.00006 0.00035 0.00009 0.00045 0.00007 <0.001* 
MaxPS 0.00635 0.00043 0.00617 0.00051 0.00899 0.00062 <0.001* 
VonMS 0.01055 0.00116 0.01016 0.00111 0.01859 0.00274 <0.001* 
*Statistically Significant; SD: Standard Deviation. 
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Discussion 
Some studies have questioned the use of TPA as reinforced anchorage during orthodontic 
treatment with distalized canine teeth [4,5]. TPA can redistribute the stress applied to a tooth and 
its supporting tissue [8]. Quantification of these stress distributions requires a 3D model using FEA 
as an alternative to the invasive method that has been predominant for over two decades. The results 
of FEA can be depicted both qualitatively and quantitatively. Qualitative depictions involve color 
patterns and are based on the color plot on the left side of the display, whereas quantitative 
depictions use the mean stress values (MinPS, MaxPS, and VonMS). 
MinPS analysis of all models used in this study showed a similar color pattern for the 
compressive stress. The mesiobuccal, distobuccal, and palatal root of the first upper molar received 
some of the stress, but the highest amount of stress was distributed on the root apex. Figure 2 shows 
the reduction of stress distribution with anchorage reinforcement. This reduction is indicated by 
reductions in the red color. All of the alveolar bone surrounding the first upper molar in the cervical 
region exhibited the same stress distribution pattern. Figure 3 shows a less red color in the model 
without a TPA. Thus, the mean compressive stress value on the alveolar bone molar corresponded to 
the color patterns in the 3D models (Table 2). 
Orthodontic treatment forces can impose stress on the tooth and alveolar bone. This means 
that resorption and deposition occur under an area of increased pressure and tension. Previous 
authors analyzed the stress distributions on canine teeth distalized with a force of 150 g and found 
that the highest amount of stress was located in the cervical region and that the stress distribution 
was higher at the root compared to the alveolar bone [13]. These results agreed with those 
previously reported [13]. 
MaxPS, which indicates the area with the largest shear when a force is applied, was also 
reduced with reinforced anchorage. These qualitative results are similar to the color patterns 
depicted in Figure 2. 
Similar to the other parameters measured, the material’s elasticity until permanent 
deformation, represented by VonMS, was reduced with reinforced anchorage. These results are in 
accordance with the color patterns shown in Figure 2. MinPS, MaxPS, and VonMS all exhibited a 
similar stress pattern on the alveolar bone. 
There is a significant difference in the distribution of stress (MinPS, MaxPS, and VonMS) 
between the models for the first molar and TPA, the first molar and TPA with a second molar as 
reinforcement, and the first molar without TPA (Tables 1 and 2). The highest stress distributions 
(MinPS, MaxPS, and VonMS) on the first molar (Table 1) and the alveolar bone (Table 2) were 
found in the model without TPA, followed by the model with TPA and, finally, the model with TPA 
and a second molar as reinforcement. The results of the study are in accordance with the theory that 
reinforced anchorage will reduce stress and also reduce the loss of anchorage. 
The mean stress distributions (MinPS, MaxPS, and VonMS) for the model without TPA 
were significantly larger than those for the model with TPA. There were significant differences in 
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the stress distributions for the 3D models (Table 2). TPA reduced the stress on the upper first molar, 
affirming its function as a reinforced anchor. The average stress distribution value for the alveolar 
bone around the root of the upper first molar showed a similar trend (Table 2). If orthodontic 
movement requires a strong anchor, it is advisable to use TPA and the upper second molar during 
canine teeth distalization. Our results differed from other authors who reported that TPA did not 
exert significant effects during reinforced anchorage [4,5] 
The highest VonMS value on the first molar, both on the tooth and on the alveolar bone, was 
found in the model without TPA, followed by the models with TPA and TPA with a second molar 
[10]. A previous study showed that the highest amount of stress (0.0026 N/mm2) was in the 
cervical area. Importantly, the stress of this magnitude can impose strain on capillary blood vessels, 
and pressure on the capillary blood vessels marks the beginning of the remodeling process [9]. 
In the previous report, stress values on the 3D model with and without TPA when subjected 
to mesial forces were compared. The result showed a 1 : 4 ratio for the stress without TPA versus 
that with TPA. This means that TPA can reduce the loss of anchorage in the AP direction by four 
orders of magnitude during initial movement [8]. Begum reported that TPA prevented molar 
rotation during initial movement, and Raucci stated that TPA could prevent molar tipping and 
rotation [1,6]. Mesial forces subjected to TPA can cause molar tipping, but the tipping angle was 
similar to that for the models with and without TPA. However, molar rotation and anterior 
movement were found in the model without TPA [7]. 
This report suggests that the use of TPA and a second molar as a reinforced anchorage 
during canine distalization decreases the stress distribution on the tooth and alveolar bone. However, 
findings vary regarding the use of TPA. This may be due to the theoretical limitations of biological 
model construction. Each tissue possesses specific characteristics, and differences are found 
according to bone density, trabecula, periodontal ligaments, age, and gender. 
 
Conclusion 
Stress (MinPS, MaxPS, and VonMS) on the first molar was focused on the root apex and 
that on the alveolar bone was focused on the cervical area. The distribution for both areas exhibited 
similar patterns. The highest stress distributions (MinPS, MaxPS, and VonMS) on the first molar 
and alveolar bone were found in the model without TPA, followed by the models with TPA and 
TPA with a second molar as reinforcement. 
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